Abbreviations: 95% CI, 95% confidence interval; ACLD, advanced chronic liver disease; ALD, alcohol-related liver disease; aSHR, adjusted subdistribution hazard ratio; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HSD17B13, 17β-hydroxysteroid dehydrogenase 13; HVPG, hepatic venous pressure gradient; INR, international normalized ratio; IVD, in vitro diagnostics; MELD, model for end-stage liver disease; NAFLD, non-alcoholic fatty liver disease; PNPLA3, patatin-like phospholipase domain containing 3; SERPINA1, serpin family A member 1; TM6SF2, transmembrane 6 superfamily 2.
| INTRODUC TI ON
Advanced chronic liver disease (ACLD), which subsumes advanced liver fibrosis, cirrhosis and portal hypertension, is a major cause of morbidity and mortality worldwide. In Europe, it accounts for about 150 000 deaths per year, with alcohol-related liver disease (ALD), chronic hepatitis B and C (ie viral hepatitis) and non-alcoholic fatty liver disease (NAFLD) being the most common aetiologies. 1 Importantly, liver disease progression shows substantial interindividual variability, and thus, research has focused on the identification of genetic factors which accelerate the progression to ACLD/cirrhosis and predispose for the development of liver-related events. 2, 3 The patatin-like phospholipase domain containing 3 (PNPLA3) I148M variant has been linked to NAFLD and ALD, as well as hepatic steatosis and liver fibrosis in patients with viral hepatitis. 4 In addition, a series of common (eg transmembrane 6 superfamily 2 (TM6FS2) E167K) and rare (eg serpin family A member 1 (SERPINA1) E342) genetic variants have repeatedly been associated with NAFLD and ALD as well as its severity, [5] [6] [7] [8] and less consistently, hepatic steatosis and liver fibrosis in patients with viral hepatitis. 9 We have recently demonstrated that homozygosity for the PNPLA3 I148M variant doubles the risks of hepatic decompensation and (liver-related) mortality in patients who had already developed portal hypertension owing to ALD and NAFLD. 10 Similarly, heterozygosity for SERPINA1 E342 increased the risks of liver-related events in patients with cirrhosis, 11 whereas longitudinal data on the impact of other genetic variants in patients with ACLD are still limited. 12 In contrast to all of these detrimental variants, a recent study comprising data from the DiscovEHR cohort 13 revealed, that the common loss-of-function rs72613567 T > TA variant in the 17β-hydroxysteroid dehydrogenase 13 (HSD17B13) gene protects from NAFLD and ALD, as well as associated liver fibrosis/cirrhosis. 14 The 17β-hydroxysteroid dehydrogenases (17β-HSD) are a family of 14 enzymes playing key roles in sex steroid metabolism, cholesterol biosynthesis, as well as elongation and oxidation of fatty acids. [15] [16] [17] [18] Similar to 17β-HSD11, 17β-HSD13 has been localized to both lipid droplets and the endoplasmic reticulum. 19 Lipid droplets are cytoplasmic organelles dedicated to lipid storage and formed by budding from the membrane of the endoplasmic reticulum. The active site of 17β-HSD13 protrudes into the cytosol 16 and both wild-type 17β-HSD13 and the truncated protein derived from the T > TA variant were found to be expressed on lipid droplets, 14 with an upregulation in NAFLD, as compared to healthy controls. 20 The immunohistochemistry performed in the study by Pirola et al 21 suggests, that the levels of 17β-HSD13, which was only found in hepatocytes, decreased according to the number of TA alleles. In contrast to other members of the 17β-HSD family, little is known about the functions of 17β-HSD13 in health and disease. Upregulation of this lipid droplet-associated protein has previously been observed in NAFLD patients and also increased the number and size of lipid droplets in cultured hepatocytes. 20, 22 Despite the limited knowledge on its role in the pathophysiology of chronic liver diseases, 17β-HSD13 has already been proposed as a therapeutic target. 21, 23 Based on its protective effect on NAFLD and ALD progression, we hypothesized that the T > TA variant decreases the risks between HSD17B13 genotypes, but in males, serum testosterone levels numerically decreased with an increasing number of TA-alleles.
Conclusion:
In patients with viral hepatitis-and ALD-induced portal hypertension, the T > TA-variant was not protective of hepatic decompensation and mortality. Further studies should investigate the pathophysiological mechanisms underlying the effects of HSD17B13 genotype at different stages of liver disease. • Patients with ACLD exhibiting at least one TA allele had a lower model for end-stage liver disease score and showed a trend towards a lower hepatic venous pressure gradient.
• The T > TA variant was not protective of hepatic decompensation and mortality during follow-up and even tended to increase the risks in patients with viral hepatitis.
• Serum retinol levels were comparable between HSD17B13 genotypes, but in males, serum testosterone levels numerically decreased with an increasing number of TA-alleles.
of liver-related events in patients who had already developed ACLD owing to these aetiologies. Moreover, we also included patients with viral hepatitis, since this common aetiology was not assessed in the initial study by Abul-Husn et al. 14 
| PATIENTS AND ME THODS

| Study population
| 17β-hydroxysteroid dehydrogenase 13 genotyping (cohort A and B)
DNA was extracted using the QIAamp DNA Blood Mini Kit (QIAGEN) and stored at −20°C until HSD17B13 rs72613567 genotyping was performed by StepOnePlus Real-Time PCR System and a TaqMan SNP Genotyping Assay (Applied Biosystems).
| Hepatic venous pressure gradient measurement (cohort A and B)
HVPG was measured in accordance with a standardized operating procedure 24 using a balloon catheter. 25 Potential treatment with non-selective β-blockers and/or nitrates was interrupted prior to the assessment of HVPG. Subclinical portal hypertension was defined by a HVPG ≥ 6 mmHg and HVPG ≥ 10 mmHg denoted clinically significant portal hypertension (CSPH). 26, 27 
| Assessment of alcohol consumption and clinical events (cohort A)
Quantitative information on alcohol consumption was documented in patient discharge letters as part of the anamnesis as well as during visits in the cirrhosis outpatient ward. Alcohol consumption was classified as follows: abstinent, moderate (ie below the cut-off for differentiating between NAFLD and ALD -≤30 g/day and ≤20 g/day for males and females, respectively 28 We abstained from analysing clinical events in cohort B owing to the short duration of follow-up.
| Assessment of serum retinol and testosterone levels (cohort B)
In cohort B, serum retinol levels were measured by high performance liquid chromatography with ultraviolet detection (Shimadzu) using an in-vitro diagnostics (IVD) CE-certified assay (ChromSystems), whereas serum testosterone levels were assessed by quantitative electrochemiluminescence (cobas e 602 module, Roche Diagnostics) using IVD CE-certified assays. Cox regression models were calculated to investigate the impact of HSD17B13 rs72613567 genotype on the risk of liver transplantation or (liver-related) death. Moreover, its effect on overall mortality, liver-related death and hepatic decompensation was assessed using competing risk analysis considering liver transplantation, and, if applicable (non-liver-related) death as competing risks. Therefore, Fine and Gray competing risks regression models (cmprsk: subdistribution analysis of competing risks, https ://CRAN.R-proje ct.org/packa ge=cmprsk) 34 were calculated. P ≤ .05 was considered statistically significant.
| Statistical analyses
| Ethics
This study was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of the Medical University of Vienna (EK 1526/2017) and (EK 1262/2017). All subjects were consented for genetic testing.
| RE SULTS
| Study population (cohort A and B)
In total, 887 (cohort A) and 421 (cohort B) patients underwent HVPGmeasurement within the study period ( Figure 1 ). According to in-and exclusion criteria, 190 (cohort A) and 107 (cohort B) patients had to be excluded because of missing information on HSD17B13 rs72613567 genotype, 167 (cohort A) and 96 (cohort B) were not included owing to earlier stages of liver disease (HVPG < 6 mmHg). Additionally, 43 (cohort A) and 1 (cohort B) were excluded since they had other aetiologies of liver disease than viral hepatitis or ALD/NAFLD and in six patients of cohort B no information on retinol and steroid hormone levels were available.
Finally, 487 thoroughly characterized patients were included in cohort A to investigate the impact of HSD17B13 genotype on liver-related events and 211 patients were included in cohort B to study potential underlying pathophysiological mechanisms.
| Patient characteristics according to HSD17B13 rs72613567 genotype (cohort A and B)
The majority of patients included in cohort A were male (75%) with a mean age of 54 ± 11 years. Fifty-nine percent had viral hepatitis, whereas 41% had ALD/NAFLD. Of the 202 patients with alcoholic (ALD)/non-alcoholic fatty liver disease (NAFLD) included in our study, 146 had ALD, whereas only 56 had NAFLD. Overall, 297 patients harboured the wild-type (T/T), whereas 166 patients had one and 24 had two TA alleles. Comparisons of patient characteristics between the three genotypes are depicted in Table 1 . Because of the low number of patients homozygous for the TA allele (only 5% of the study population), we decided to merge patients with at least one TA allele for all further analyses (Table 1) . Thirty-nine percent harboured at least one TA allele, whereas 61% of patients presented with wild-type (T/T). In accordance with the differences observed when comparing the three genotypes separately, comparisons of patients with at least one T/A allele, or without, revealed that T/T patients had higher INR (1.3 ± 0.2 vs 1.2 ± 0.2; P < .001) and bilirubin levels (1.2 (0.8-2) vs 1 (0.7-1.6) mg × dL −1 ; P = .011) as well as MELD scores (10 (8-13) vs 9 (8-12) points; P = .003). Furthermore, these patients tended to have a higher HVPG (17 ± 7 vs 16 ± 6 mmHg; P = .067) and lower serum albumin levels (36 ± 6 vs 37 ± 6 g × L −1 ; P = .077).
Cohort B showed similar patient characteristics, as compared to cohort A (Table S1 ).
| Impact of HSD17B13 rs72613567 genotype on overall mortality, liver-related death and (further) hepatic decompensation, as well as HCC in the whole cohort (cohort A)
Patients were followed for a median of 26 ( Table 2 ). To investigate whether sex modifies the effect of the TA allele on liver-related outcomes, sex and the interaction term of sex and HSD17B13 genotype (HSD17B13 * sex) were added to the above-mentioned Cox regression models. HSD17B13 * sex did not modify the risks liver transplantation or death (aHR: 0.76 (95%
F I G U R E 1 Study flow chart.
Abbreviations: HVPG hepatic venous pressure gradient; HSD17B13, 17β-hydroxysteroid dehydrogenase 13 CI: 0.33-1.76); P = .520) as well as liver transplantation or liver-related death (aHR: 0.86 (95% CI: 0.36-2.03); P = .724).
To assess the impact of HSD17B13 genotype on overall mortality, non-liver-related death and hepatic decompensation in the presence of competing risks, Fine and Gray competing risks regression models were used for all further analyses. When considering liver transplantation (for overall mortality) and liver transplantation as well as non-liver-related death (for liver-related death) as competing risks and adjusting for age, HVPG and MELD score, harbouring at least one TA allele was associated TA B L E 1 Comparison of patient characteristics according to the 17β-hydroxysteroid dehydrogenase 13 (HSD17B13) (Figure 3 ). Furthermore, competing risks regression analysis indicated that age (per 10 years: aSHR: 1.41 (95% CI: 1.15-1.73); P = .001) and HVPG (per mmHg: aSHR: 1.05 (95% CI: 1.01-1.09); P = .009) were independently predictive of mortality ( Table 2) .
The same factors were associated with liver-related death: age (per 10 years: aSHR: 1.31 (95% CI: 1.07-1.60); P = .010) and HVPG (per mmHg: aSHR: 1.05 (95% CI: 1.01-1.09); P = .012).
Hepatic decompensation occurred in 185 patients (38%).
Harbouring at least one TA allele was not protective of (further) hepatic decompensation (aSHR: 1.29 (95% CI: 0.95-1.77); P = .11;
2-year cumulative incidence: 32% vs 27%; 5-year cumulative incidence: 50% vs 47%), if liver transplantation and non-liver-related death were considered as competing risks (Figure 3 ). Age (per 10 years: aSHR: 1.18 (95% CI: 1.02-1.37); P = .027), HVPG (per mmHg: aSHR: 1.09 (95% CI: 1.05-1.12); P < .001) and MELD score (per point: aSHR: 1.05 (95% CI: 1-1.09); P = .034) were independently predictive of (further) hepatic decompensation (Table 2) .
Finally, the proportion of patients developing HCC during follow-up did not differ between carriers of the TA allele (4%) and wildtype patients (6%; P = .246).
| Patient characteristics according to the aetiology of liver disease and HSD17B13 rs72613567 genotype (cohort A)
As the effects of HSD17B13 genotype may depend on the aetiology of ACLD, cohort A was stratified by underlying aetiology (viral hepatitis vs ALD/NAFLD). Detailed patient characteristics at the time of HVPG-measurement are shown in Table 3 . In 202 patients with ALD/NAFLD-induced portal hypertension, 38% were either heterozygous or homozygous for the TA allele.
When compared with the overall cohort, similar findings regarding differences in liver disease severity at baseline were observed.
T/T patients had higher bilirubin levels (1.6 (0.9-2.9) vs 1.2 (0.8- Considering liver transplantation and non-liver-related death as competing risks.
well as MELD scores (12 (10-15) vs 11 (9-13) points; P = .003) and Separate analyses in patients with ALD-and NAFLD-induced portal hypertension are shown in Table S4 .
| Impact of HSD17B13 genotype on overall mortality, liver-related death and (further) hepatic decompensation, as well as HCC in the subgroups of patients with viral hepatitis and ALD/NAFLD (cohort A)
The findings obtained in the whole cohort seemed to be more pronounced in patients with viral hepatitis (Table S2 ; Figure 4 ).
Again, harbouring at least one TA allele tended to increase the risks for overall mortality (aSHR: The TA allele did not reduce the risks for overall mortality (aSHR:
1.18 (95% CI: 0.68-2.04); P = .55), liver-related death (aSHR: 1.06 (95% CI: 0.6-1.9); P = .83), or (further) hepatic decompensation (aSHR:
1.18 (95% CI: 0.77-1.82); P = .45) in patients with ALD/NAFLDinduced portal hypertension (Table S3 ; Figure 5 ). With aSHR of 1.14 ((95% CI: 0.605-2.13); P = .69) and 0.996 ((95% CI: 0.309-3.22); P = 1)
for mortality, HSD17B13 genotype seemed to have similar effects in patients with ALD and NAFLD respectively. Moreover, HSD17B13
genotype did not impact liver-related death in ALD (aSHR: 1.25 (95% CI: 0.654-2.4); P = .5) and NALFD (aSHR: 0.571 (95% CI: 0.153-2.13); P = .41) patients.
Finally, the proportion of ALD/NAFLD patients developing HCC during follow-up did not differ between carriers of the TA allele (3%) and wild-type patients (5%; P = .493).
| Impact of HSD17B13 genotype on retinol and testosterone serum levels (cohort B)
Serum retinol levels were comparable between cohort B patients with different HSD17B13 (TA/TA: 0.76 ± 0.54 vs T/TA: 0.75 ± 0.42 vs T/T: 0.8 ± 0.44; P = .817; Figure S2 ) as well as PNPLA3 genotypes (G/G: 0.77 ± 0.40 vs G/C: 0.77 ± 0.45 vs C/C: 0.8 ± 0.45; P = .904; Figure S3 ).
Among males, there was a numerical trend towards lower serum testosterone levels in patients harbouring a TA allele, which did not attain statistical significance (TA/TA: 3.75 ± 2.03 vs T/TA: 4.95 ± 3.62
vs T/T: 5.65 ± 3.02; P = .339; Figure S4 ).
| D ISCUSS I ON
Recently, a study linking exome sequence data from the DiscovEHR Argentina 21 and the USA as well as the UK. 20 In contrast, we aimed to evaluate the impact of TA allele on the clinical course of patients who had already ACLD, as indicated by an HVPG ≥ 6 mmHg. 26 In cohort A of this study, patients harbouring at least one TA allele presented with changes typically associated with a less pronounced liver disease. When compared with T/T patients, TA allele carriers had lower INR, bilirubin and MELD score and also showed a trend towards lower HVPG and higher albumin levels at the time of HVPG-measurement. Of note, these associations were not reproduced in the considerably smaller cohort B. Importantly, the T > TA variant was not protective of hepatic decompensation and (liver-related) mortality during follow-up and even tended to increase the risks in the subgroup of patients with patients with viral hepatitis.
Accordingly, once ACLD is established, its protective effect may vanish.
In search of potential pathophysiological mechanisms explaining the different findings in our longitudinal study in ACLD patients, as compared to previous cross-sectional studies which primarily included non-ACLD patients, we investigated the effect of HSD17B13 genotype on serum levels of retinol as well as testosterone (as an example for its potential impact on sex hormone metabolism). This analysis was performed in cohort B, which had similar patient characteristics, as compared to cohort A.
Interestingly, the PNPLA3 I148M variant has been shown to affect retinol metabolism because of the function of PNPLA3 as a retinyl-palmitate lipase, 35 with lower circulating levels of retinol in subjects with NAFLD or obesity harbouring the I148M variant. 36 In cohort B, neither PNPLA3 nor HSD17B13 variants had an effect on circulating retinol levels measured by the same method as in the previous study, 36 which may suggest, that the effects of PNPLA3 (and possibly, also HSD17B13) on retinol metabolism are less pronounced in patients with ACLD, as compared to earlier stages of liver disease.
In line with these findings, PNPLA3 I148M only affected liver disease progression in patients with ALD/NAFLD-induced ACLD when analysed in a recessive model (ie G/G vs other genotypes) and did not affect liver disease progression in patients with ACLD owing to viral hepatitis included in our previous study. 10 Accordingly, also for PNPLA3 I148M, its effects in ACLD seemed to be less consistent than in earlier stages of liver disease, which could possibly be related to a decreased impact on retinol metabolism.
The 17β-HSD13 isoform derived from the TA allele has been found to be catalytically inactive against oestradiol in a previous study. 14 Although sex did not appear to modify the effect of HSD17B13 genotype on liver-related events, we investigated serum testosterone levels in cohort B. Interestingly, we observed numerically lower serum levels of testosterone ( Figure S4 shown to increase the susceptibility for both diseases and have also been associated with adverse outcomes, 5, 6, 8 whereas variants in HSD17B13 have been found to be protective. 14 20 The HCV lifecycle is closely linked to lipid metabolism. 38 Recently, the TM6FS2 E167K variant has been shown to be required for maturation, lipidation and secretion of infectious lipoviroparticles. 39 Therefore, HCV upregulates the expression of TM6SF2 to facilitate productive infection. Accordingly, a potential interaction between the lipid droplet-associated protein 17β-HSD13 and HCV infection requires further study.
The prevalence of HCC at the time of HVPG-measurement tended to be lower in carriers of the TA allele, which is in line with a recent report in patients with ALD. 40 However, there were no differences in the proportion of patients developing HCC during follow-up, which may be explained by limited sample size.
We would like to point out, that considering the very limited knowledge on the physiological function of 17β-HSD13 and the lack of understanding of its role in the pathogenesis of (advanced) chronic liver disease and portal hypertension, all of these points are highly speculative and should be seen as suggestions for further research, rather than a definitive interpretation of our findings. Our results indicate liver disease severity-and possibly aetiology-dependent differences in the clinical impact of the T > TA variant. Thus, it clearly requires further experimental and clinical studies before 17β-HSD13 can be considered as a potential therapeutic target for chronic liver disease. 21, 23 The main limitation of our study is its retrospective design;
however, patients were thoroughly characterized at the time of HVPG-measurement. The extensive characterization, which even included the measurement of HVPG, 24 is an important strength of our study. The only other longitudinal study investigating the impact of the T > TA variant also included a subgroup of patient with a diagnosis of cirrhosis, however, it was population-based, and thus, unadjusted for liver disease severity. 12 Accordingly, the significance of its findings is substantially limited by the inability to adjust for the between-genotype differences in liver disease severity at inclusion, which were observed and adjusted for in our study. In comparison to the study by Abul-Husn et al, 14 our study has considerably smaller sample size, however, we would like to point out that our study is restricted to a specific stage of liver disease and provides additional longitudinal information. Since we have recently demonstrated that the PNPLA3 I148M variant impacts the risks of hepatic decompensation in a smaller, partially overlapping cohort, 10 our study appears to have adequate statistical power to detect clinically meaningful effects. Lastly, our study did not include a validation cohort, as we are not aware of another cohort linking information on HVPG and genetic data.
In conclusion, the T > TA variant was not protective of hepatic decompensation and (liver-related) mortality during follow-up.
Future studies should investigate the pathophysiological mechanisms underlying the effects of HSD17B13 genotype within different stages of liver disease. Importantly, further experimental and clinical studies with a special focus on ACLD are required before 17β-HSD13 can be considered as a potential therapeutic target.
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